Mangroves in hypersaline coastal habitats are under constant high xylem tension and face great risk of hydraulic dysfunction. To investigate the relationships between functional traits and salt management, we measured 20 hydraulic and photosynthetic traits in four salt-adapted (SA) and two non-SA (NSA) mangrove tree species in south China. The SA species included two salt secretors (SSs), Avicennia marina (Forsskål) Vierhapper and Aegiceras corniculatum (L.) Blanco and two salt excluders (SEs), Bruguiera gymnorrhiza (L.) Savigny and Kandelia obovata (L.) Sheue et al. The two NSA species were Hibiscus tiliaceus (L.) and Pongamia pinnata (L.) Merr. Extremely high xylem cavitation resistance, indicated by water potential at 50% loss of xylem conductivity (Ψ 50 ; −7.85 MPa), was found in SEs. Lower cavitation resistance was observed in SSs, and may result from incomplete salt removal that reduces the magnitude of xylem tension required to maintain water uptake from the soil. Surprisingly, the NSA species, P. pinnata, had very low Ψ 50 (−5.44 MPa). Compared with NSAs, SAs had lower photosynthesis, vessel density, hydraulic conductivity and vessel diameter, but higher sapwood density. Eight traits were strongly associated with species' salt management strategies, with predawn water potential (Ψ PD ) and mean vessel diameter accounting for 95% flow (D 95 ) having the most significant association; D 95 separated SAs from NSAs and SEs had the lowest Ψ PD . There was significant coupling between hydraulic traits and carbon assimilation traits. Instead of hydraulic safety being compromised by xylem efficiency, mangrove species with higher safety had higher efficiency and greater sapwood density (ρ Sapwood ), but there was no relationship between ρ Sapwood and efficiency. Principal component analysis differentiated the species of the three salt management strategies by loading D, D 95 and vessel density on the first axis and loading Ψ PD , Ψ 50 and water potential at 12% loss of xylem conductivity (Ψ 12 ), ρ Sapwood and quantum yield on the second axis. Our results provide the first comparative characterization of hydraulic and photosynthetic traits among mangroves with different salt management strategies.
Introduction
Salinity is one of the most significant environmental gradients that determines plant physiology and species distribution, especially in coastal habitats (Robert et al. 2009 ). One of the most important negative effects of salinity on plant performance is its influence on water acquisition in saline environments with low soil water potentials (Tyree et al. 1994 ). In the saline environment, plants usually extract water by maintaining extremely low xylem water potentials and conserve water by restricting water loss through structural and physiological adaptations (Ball 1988 , Krauss et al. 2008 , Schmitz et al. 2012 , Madrid et al. 2014 , Reef and Lovelock 2015 . With increasing salinity, hydraulic conductance decreases, giving rise to a physiological drought , Lovelock et al. 2006 , in which available water cannot be used by plants. Further increases in salinity may result in temporary or permanent disruption of xylem transportation due to vessel embolism (Sperry and Tyree 1988 , Tyree et al. 1994 . Cavitation resistance, determined by xylem structure and function, is positively related to plant drought tolerance and defines the ecological competitive ability of trees and, therefore, their distribution (Sperry and Tyree 1988 , Tyree et al. 1994 , Pockman and Sperry 2000 , particularly in mangroves (Ball and Pidsley 1995 , Lovelock et al. 2006 , Hao et al. 2009 ).
The xylem in land plants evolved to perform multiple functions, including water transport and mechanical support. The xylem efficiency and safety trade-off hypothesis predicts that larger diameter and more porous xylem conduits will have greater hydraulic conductivity, but also, greater vulnerability to embolism compared with xylem with smaller vessels (Sperry and Tyree 1988 , Tyree et al. 1994 , Wheeler et al. 2005 . It has been shown that the trade-off between hydraulic safety and efficiency is weak but significant across diverse plant flora (Gleason et al. 2016) . Conductive efficiency is considered to be inversely proportional to both mechanical strength and resistance to dysfunction via embolism. Thus, the selection of xylem function to optimize for safety, efficiency or mechanical support could lead to suboptimal performance or even complete failure of another function (Baas et al. 2004 ). The trade-off between safety and efficiency has been rarely explored in mangrove flora.
Hydraulic and gas exchange traits of woody plants can vary with environmental conditions, ontogeny and other limiting factors (Tyree et al. 1998 , Ye et al. 2005 , Choat et al. 2007 , Hao et al. 2009 ), while being closely coupled with each other (Brodribb and Feild 2000 , Santiago et al. 2004 , Ishida et al. 2008 . Correlations between stem hydraulic traits and leaf photosynthetic traits have been well studied in previous investigations (Brodribb and Feild 2000 , Santiago et al. 2004 , Ishida et al. 2008 . While leaves are considered to be a major determinant of the whole-plant hydraulic performance capacity, they also couple stem and leaf hydraulic systems through stomatal regulation (Sack et al. 2003) . Plants maintain a high daily water potential when soil water supply is optimal; high stem hydraulic conductivity allows for quick water transport from stems into leaves to compensate leaf transpiration water loss (Santiago et al. 2004 ). During the midday, when the transpiration demand is elevated, high midday leaf water potential alleviates stomatal limitation, allowing for increased water for photosynthesis ). Therefore, investigation of hydraulic and photosynthetic functional linkages can provide better insights into plant function under hypersaline conditions.
Mangroves are a useful system to study how salinity determines plant hydraulic and photosynthetic function. Reduced hydraulic efficiency resulting from high saline conditions can have a negative impact on carbon assimilation in plants by decreasing stomatal conductance (Santiago et al. 2004 , Hao et al. 2009 ). In mangroves, high saline conditions have been reported to reduce assimilation, conductance and transpiration (Sobrado 2000 , Sobrado 2005 , López-Hoffman et al. 2006 , Hao et al. 2009 ). Despite some researchers highlighting the importance of balancing photosynthetic demands with the reduced hydraulic conductivity due to increased salinity (Nguyen et al. 2015) , there have been no comparative eco-physiological studies elucidating how these factors are connected to salt management in mangroves.
Mangrove flora have different salt management strategies that range from salt-adapted (SA) species to non-SA (NSA) species on a continuum. To maintain water uptake against low soil water potentials under saline conditions, some SA mangroves exclude up to 99% of the salt in soil solution, by preventing nonselective apoplastic water uptake (Krishnamurthy et al. 2014) . Their highly suberized root epidermal cells and Casparian strip in the endodermis act as efficient hydrophobic barriers (Lawton et al. 1981 , Krishnamurthy et al. 2014 . Other SA species, such as Avicennia, Aegiceras and Sonneratia species, excrete salts using salt glands (Ball 1996) . Salt-adapted mangroves that possess salt secretion (SS) glands are known as SS species and those that exclude salts but do not contain secretion glands as salt exclusion (SE) species. In comparison with species that are SA, NSA species are less tolerant to salt stress and they display a salt avoidance strategy similar to plants that occur in permanent freshwater (Tomlinson 1986 , Wang et al. 2011 .
The relationship between salt management strategy, salinity tolerance and soil salinity has been found to be complex in halophytes and woody plants (Dodd and Donovan 1999 , Donovan et al. 2001 . High levels of salt tolerance are observed in species with and without salt glands (Reef and Lovelock 2015) . Salt secretion on the leaf surface may actually be beneficial to reduce vapor pressure deficit, thereby reducing leaf water loss, rather than being a strategy for managing internal plant salt conditions (Burkhardt et al. 2012) . It has long been accepted that predawn water potential, measured with either leaf psychrometers or pressure chambers, can be used as a surrogate for the soil water potential of the wettest soil accessible by plant roots. However, this view has been challenged and empirical evidence shows that there is a disequilibrium between predawn water potential and soil water potential for woody plants and halophytes (Donovan et al. 2001) . Further, species differences in predawn water potential may not reflect differences in soil water availability, or lower predawn water potential values may not indicate low water potential values for the soil (Donovan et al. 2003) . In summary, plant water status may not directly convey soil salinity conditions and the relationship between salt management strategy and soil salinity may be complex.
Here, we investigate the relationships between hydraulic and photosynthetic traits in SA and NSA species to gain a better understanding of mangrove ecophysiology. We hypothesized that the SA species are dominant in the saline conditions due to their structural and physiological characteristics, such as smaller xylem vessels and greater resistance to drought-induced hydraulic failure. Further, SS species may have lower cavitation resistance when compared with SE species, because of the incomplete removal of salt that would allow tension to be reduced in the xylem. Based on the arguments above that high salinity in the environment can reduce hydraulic efficiency and have a negative impact on carbon assimilation in woody plants, we expected photosynthetic and hydraulic traits to be significantly different among the SS, SE and NSA species studied here. In addition, we hypothesized that a trade-off between hydraulic efficiency and safety against drought-induced xylem cavitation may exist across mangrove species. Further, we expected the stem hydraulic traits and carbon assimilation traits to show significant and tight trait correlations because we expected coupling between water supply and photosynthesis. The objective of this study was to understand the role of different salt management strategies in determining physiological characteristics of SA and NSA mangrove species by assessing their hydraulic and photosynthetic traits.
Materials and methods

Field site and study species
This study was conducted in the Guangxi Beilun Estuary National Mangrove Reserve (GBENMR) located in the subtropical monsoon climate zone of Guangxi, China (3000 ha; 21°34′ N 108°08′ E; mean annual precipitation 2220 mm; mean annual temperature 22°C; evapo-transpiration 1400 mm). The estuary receives on average 148 days of annual rainfall, mainly from the May to September tropical monsoon, and it has a mean tidal range of 2.22 m. Experimental site selection was based on where all study species were present and where human disturbance was minimal. The mangroves in GBENMR form closed canopy forests of~3-10 m in height, with their age structure varying as one moves from the sea to the interior. We selected all dominant mangrove tree species, based on abundance, that were present in our study site for this investigation. This included two SS species (Avicennia marina (Forsskål) Vierhapper (Verbenaceae) and Aegiceras corniculatum (L.) Blanco (Myrsinaceae)), two SE species (Bruguiera gymnorrhiza (L.) Savigny (Rhizophoraceae) and Kandelia obovata (L.) Sheue et al. (Rhizophoraceae)), and two NSA species (Hibiscus tiliaceus L. (Malvaceae) and Pongamia pinnata (L.) Merr (Leguminosae)). Water potentials of the six mangrove species were assessed using Dewpoint PotentiaMeter, WP4C (Decagon Devices, Inc., 2365 NE Hopkins Court, Pullman WA, USA), to determine the environmental soil salinity associated with these species (NSA species: 0.04 ± 0.01 MPa, SS species: 0.98 ± 0.07 MPa, SE species: 0.96 ± 0.08 MPa).
The samples for assessing stem and leaf structural and physiological traits (Table 1 ) of all mangrove species were collected along the natural intertidal zone. All samples were collected in the mornings between 5:00 and 6:00 h when the tide was at its lowest and between July and September of 2014 and July 2016. All leaf physiological measurements were measured in the field. More than three stem and leaf samples from each randomly selected individual, using at least three individuals per species, were brought back to the Plant Ecophysiology and Evolution Laboratory at Guangxi University for hydraulic and anatomical measurements.
Leaf anatomical and physiological measurements
All anatomical and physiological measurements on leaves were conducted using three to six randomly selected, fully expanded, healthy, sun-exposed leaves from three to six randomly selected individuals of each species.
Predawn and midday leaf water potentials (Ψ PD and Ψ MD , respectively) were measured between 5:00 to 7:00 h and 12:00 to 14:00 h, respectively, on clear days using a Scholander pressure chamber (PMS Instruments, Corvallis, OR, USA). We excised leaf samples and sealed them in plastic bags containing moist paper towels to reduce water loss, and the measurements were done immediately thereafter.
Leaf net CO 2 assimilation rate (A), stomatal conductance (g s ), intercellular CO 2 mole fraction (C i ) and transpiration (T r ) were measured using a LI-6400 photosynthesis system fitted with a 6400-02B LED Red/Blue light source (Li-Cor Inc., Lincoln, NE, USA). All measurements were done between 9:00 and 11:30 h, in the field, under ambient CO 2 and temperature, with photosynthetic photon flux density held at 1200 μmol m −2 s −1
. We recorded A at a CO 2 concentration of 368.10 ± 0.85 ppm, leaf temperature of 33.34 ± 2.14°C, air flow of 426.70 ± 97.80 μmol s −1 , relative humidity of 48.17 ± 5.37% and vapor pressure deficit of 2.65 ± 0.44 kPa. Intrinsic photosynthetic water-use efficiency was calculated as the ratio of A to g s (A/g s ).
The portable chlorophyll fluorometers (PAM-2500, WALZ GmbH & Co, Effeltrich, Germany) were employed to measure the predawn quantum yield (F v /F m ).
Stomatal density (SD) and guard cell length were determined using leaf lower epidermis taken midway between midrib and margin from three locations per peel. Vein length per unit area (VLA) was measured by sectioning leaves midway between midrib and margin, and clearing and staining following standard protocols (Gardner 1975) . Images were obtained with a Leica DM3000 microscope attached with a DFC295 CCD camera using LAS software (Leica Microsystems, Wetzler, Germany). Each image was analyzed and counted according to standard protocols Scoffoni 2013, Sack et al. 2014 ) using ImageJ version 1.48 v (ImageJ, freely available from www.http://rsb.info.nih.gov/ij/).
Stem physiological and anatomical measurements
Maximum vessel length (VL) was determined following standard protocols Jeje 1981, Vinya et al. 2013) by forcing air at 60-100 kPa pressure through the basal end of the fresh branch segment, while keeping the distal end dipped in Table 1 . Variation of leaf and stem structural and physiological traits measured in six mangrove species with three salt management strategies; salt secretion species: Aegiceras corniculatum and Avicennia marina; salt exclusion species: Kandelia obovata and Bruguiera gymnorrhiza; non-salt adapted species: Pongamia pinnata and Hibiscus tiliaceus.
Hydraulic and photosynthetic traits
Abbreviation ( water. About 1 cm of the distal end of the segment was continuously cut until bubbles were seen. Once bubbles appeared, the remaining segment was measured and recorded as the VL. Sapwood specific hydraulic conductivity (K S ) and leaf specific hydraulic conductivity (K L ) were measured for each species using three healthy branches with~8 mm diameter. Segments were kept in sealed, moistened dark plastic bags and immediately transported. They were kept immersed in distilled water at a constant temperature of 4°C until measurements were made within a week from sampling. After re-cutting stems under water to remove a length of branch equal to or greater than each species maximum vessel length (Wheeler et al. 2013 ), hydraulic conductivity was gravimetrically determined using 15 cm stem segments from the remaining branch, by measuring the flow rate of the branch segment, which was perfused with ultra-filtered (particle size <0.2 μm) and degassed water under a known pressure gradient (Zwieniecki and Holbrook 1998) . Before data recording, segments were equilibrated for 5-10 min. Sapwood area was measured at 1 cm from both ends of the segment by using the dye staining method (Hargrave et al. 1994, Zwieniecki and Holbrook 1998) ; the arithmetic average of the two values was calculated for the area. The branch leaf area was determined using the portable leaf area meter LI-3000 C (Li-Cor Inc.) by summing up the leaf area for all leaves in a branch.
For measuring percent loss in hydraulic conductivity (PLC), leafbearing branches of~1 m length were harvested for each species at predawn, sealed in large black plastic bags with cut ends wrapped in moist paper, and were immediately transported to the laboratory. Vulnerability curves of stems were estimated for the six species using an air-injection method (Sperry and Saliendra 1994) , and the same sample preparation as in the stem hydraulic conductivity experiments. From the original branches a segment greater than one maximum vessel length, for all species, was removed underwater and the cut ends were trimmed with a razor blade according to Wheeler et al. (2013) . Initial hydraulic conductivity (K H ) of the segment was measured using the method described above. After air embolisms were flushed out with ultrafiltered (pore size of the filter <0.22 μm) and degassed solution of 20 mM KCl at constant 200 kPa for 30 min, the branch segment was re-measured to determine maximum hydraulic conductivity (K H max). The segments were exposed to progressively increased air-injection pressure ranging from 0.5 to 9.0 MPa with an 8 cm long sleeve chamber, using a high pressure nitrogen bottle with a gas pressure regulator. Hydraulic conductivities were measured after constant pressure exposure for 10 min, at each pressure level, allowing for 10-30 min equilibration before determination. PLC was calculated as: PLC = [(K H max − K H )/K H max] * 100.
The vulnerability curves were created using a sigmoid model in SigmaPlot 10.0 (SPSS Inc., Chicago, IL, USA), where PLC was plotted as a function of xylem water potential. Xylem water potentials (Ψ) at 50 and 12% loss of hydraulic conductivity (Ψ 50 and Ψ 12 ) were used to describe vulnerability to cavitation of terminal branches. To validate the vulnerability curves generated using the air injection method, data using the bench drying method were also obtained. For this method, branches were harvested for each species at predawn then immediately transported to the laboratory similar to the air injection method. At the laboratory, branches with three to five leaves were sealed with plastic bags before dehydration. Samples were allowed to dehydrate on the bench at a constant room temperature of 25°C for different periods. After using the Scholander pressure chamber (PMS Instruments) to check whether the desired water potentials were approximately reached, the dehydrated branches were sealed in plastic bags, with wet paper towels inside, and allowed to equilibrate for 1-2 h. Then, initial xylem water potential was measured from the branches with bagged leaves following equilibration in closed plastic bags for 1-2 h. From the original branches a segment greater than one maximum vessel length, for all species, was removed underwater and the cut ends were trimmed with a razor blade. Initial hydraulic conductivity (K H ) of the segment was measured using the method described above. After air embolisms were flushed out as described earlier, the branch segment was re-measured to determine maximum hydraulic conductivity (K H max). For bench drying method data, the vulnerability curves were created similar to the air injection method above but only xylem water potential (Ψ) at 50% loss of hydraulic conductivity (Ψ 50 ) was used to describe vulnerability to cavitation of terminal branches.
Wood density (ρ Sapwood ) was determined (Hacke et al. 2000 ) on three to six, 2-3 cm long stem samples for each species that were similar to those used for hydraulic measurements. After immersing in water for 24 h, segments were cut longitudinally, removing pith and bark, using a razor blade immersed in water. The displacement weight (g) was converted to stem segment volume by dividing it from the density of water at 25°C (0.997 g cm −3
; Archimedes' principle). The segments were dried at 80°C for 48 h to obtain dry weight. Wood density was calculated as follows:
/stem fresh volume cm .
Sapwood 3
The diameters and the cross-sectional lumen areas (S) of vessels, usually elliptical in shape, were obtained from fresh, 40 μm thick stem samples using a Leica manual sliding microtome at 100× (Model RM 2235, Leica Microsystems). Cross-sections were stained with 0.1% methyl blue solution to increase visual contrast. The vessel lumen diameter was determined by ImageJ software, and S was calculated as, S = πab, where a is the radius of the semi major axis 1 and b is the radius of the semi major axis 2 (Tyree and Zimmermann 2002) . Mean vessel diameter (D) was calculated by averaging all vessels for each species. Vessel density per unit area (VD) in mm was calculated by counting the number of vessel lumens in the field of view and averaging for three to six fields per species. Mean vessel diameter accounting
Tree Physiology Online at http://www.treephys.oxfordjournals.org for 95% of conductivity (D 95 ) was calculated by ranking all diameters raised to the fourth power in ascending order (D 4 ) and summing all D 4 s until their sum was equal to 95% of the total conductance. The D 95 is an arithmetic mean calculated for diameters accounting for 95% of flow.
Statistical analysis
To assess whether salt management strategy had a significant effect on trait variation between SA and NSA species, we used linear mixed model analysis for all traits with R software (version 3.2.4, R Development Core Team, Vienna, Austria) package 'lme4' (Bates et al. 2015) , using salt management strategy as a fixed factor and species as a random factor. Our species selection was not predetermined and, therefore, species were treated as a random factor and analyzed using powerful general linear mixed models, which treat the variation in the levels of random factors to be representative of the variation of the whole population of possible levels. Therefore, the variation in the species, here two species for each salt management strategy, can be used to estimate the variation among the three salt management strategies. Multiple comparisons were performed with a Tukey-HSD procedure with the R package 'multcomp' (Hothorn et al. 2016 ) to assess differences between salt management strategies. We used principle components analysis (PCA) to visualize species clustering based on trait relationships among species. Pearson correlations were calculated between PCA axis scores and trait values for each species, in order to define the PCA axes, according to the composite traits they represented. We used the traits with the maximum negative or positive correlations to define each PCA axis. To assess coupling of carbon assimilation traits and hydraulic traits and to assess tradeoffs between hydraulic safety and efficiency, we obtained correlations between traits using Pearson correlations in R and visualized using package 'corrgram'.
Results
Trait variation among salt exclusion, SS and NSA species
The six mangrove species varied significantly in hydraulic and photosynthetic traits (Table 1) . Generally, SA species had lower A, VLA, Ψ PD , Ψ MD , D, D 95 , Ψ 50 , Ψ 12 , K L and K S , but higher SD, SL and ρ Sapwood when compared with NSA species. Salt management strategy had a significant effect on trait variation (Table 2 ). There were highly significant differences among mangrove species with different salt management strategies for eight traits (D 95 , Ψ PD , D, Ψ 50 , F v /F m , A, K s and ρ Sapwood ; χ 2 (2, N = 6) > 6.56, P < 0.0375; Tables 1 and 2 ). The differences were mainly due to the difference between NSA and SE species in five traits (D 95 , Ψ PD , D, Ψ 50 and ρ Sapwood ; P < 0.0396), NSA and SS species in four traits (D 95 , D, A, K S ; P < 0.0217), and SE and SS species in three traits (Ψ PD , Ψ 50 and F v /F m ; P < 0.0258). Vessel diameter clearly separated SE and SS species from the NSAs (D 95 and D; P < 0.0017; Tables 1 and 2 ).
The Ψ PD was the most influential factor that separated species belonging to the three salt management strategies (χ 2 (2, N = 6) = 21.10, P < 0.0001) and ranged from −1.42 to −0.11 MPa followed by D 95 (χ 2 (2, N = 6) = 15.77, P < 0.0001), which ranged from 49.36 to 155.57 μm. The lowest value for D 95 was observed in A. corniculatum (52.41 ± 2.31 μm), an SS species, and the highest was seen in NSA species P. pinnata (146.12 ± 6.01 μm; Figure 1) . Pongamia pinnata had large-diameter vessels that were interconnected with narrower vessels, resulting in the largest D 95 values, although the mean D values for P. pinnata was lower than H. tiliaceus (both NSA species; Figure 1) , and the average for all mangrove species studied here was −5.66 ± 1.88 MPa. We found that SA species have fairly low predawn water potentials (−0.81 ± 0.47 MPa; Table 1 ). Extremely low Ψ 50 , as low as −8.18 ± 0.84 MPa (Table 1 and Figure 2A-F) , was found in the two SE species that do not have SS glands. Pongamia pinnata also had high cavitation resistance (−5.44 ± 0.19 MPa; Table 1 and Figure 2A -F), but wider xylem vessels and lighter sapwood compared with SE and SS species (Table 1) . We validated the vulnerability curves obtained from the air injection method, using the bench drying method, and found that both sets of curves had similar trends for all species (Figure 2A-F) . The Ψ 50 obtained from the air injection method and bench drying method ( Figure 2G ) for the six mangrove species were highly correlated (R 2 = 0.90; P < 0.0001).
Trade-off assessment of hydraulic safety and efficiency
We did not find any evidence to support the safety (Ψ 50 ) and efficiency trade-off hypothesis, either when K S and K L were considered to represent hydraulic efficiency or when D 95 and D were used as a proxy for hydraulic efficiency. Although there was no relationship between Ψ 50 and K S or between Ψ 50 and K L , there was a negative correlation between Ψ 12 and K S (r = −0.58; P = 0.011; Figure 3 ), indicating that at the beginning of cavitation forming, there is no trade-off between safety and efficiency. There was a strong positive correlation between Ψ 12 and Ψ 50 (r = 0.79; P < 0.0001) and Ψ 50 was positively correlated with D (r = 0.58; P = 0.011). Both Ψ 12 and Ψ 50 were negatively correlated with ρ Sapwood (r = −0.69, P = 0.001 and r = −0.81; P < 0.0001, respectively; Figure 3 ).
Coupling between mangrove hydraulic and photosynthetic traits
There was a significant coupling between the hydraulic and photosynthetic traits of the stems and the photosynthesis-driven leaf traits (for complete multiple correlations of all traits see Figure S1 available as Supplementary Data at Tree Physiology Online). When the correlations between traits that represent leaf water demand (A and T r ) and stem water supply (D, D 95 , VLA, K L and K S ) were assessed we found that A was significantly coupled with vessel diameter, D and D 95 (r > 0.70 and P < 0.0001) and to a lesser extent with VLA and K S (r > 0.39
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and P < 0.036). The T r was well coupled with the water supply traits (r > 0.58 and P < 0.0011) except for K S . Transpiration was also the most central trait that correlated with hydraulic safety and hydraulic efficiency features ( Figure 4) ; T r was significantly positively correlated with Ψ 50 , Ψ 12 and Ψ PD (r > 0.52, P < 0.028; Figures 3 and 4) , while negative correlations were found between T r and K L and ρ Sapwood (r ranged from −0.53 to −0.66, P < 0.024; Figures 3 and 4) .
Species clustering depending on their salt management strategy
The PCA analysis indicated that a few key variables are important for explaining the variation among salt management strategies. PCA analysis extracted five principal component axes (PC1, PC2, PC3, PC4 and PC5) with Eigenvalues >1.00 and these five axes explained 88.5% of the variability found in the 20 traits ( Figure 5 ). The PC1 axis, interpreted as the hydraulic structure axis, had a positive loading for D, D 95 and VLA and a negative loading for VD ( Figure 5 ). The PC2 axis, interpreted as the general functional safety axis, had positive loadings for Ψ 12 , Ψ 50
and Ψ PD and negative loadings for ρ Sapwood and F v /F m ( Figure 5 ). Although the other three axes showed that leaf carbon acquisition and stem and leaf hydraulic traits are important for explaining the trait variation in mangroves ( Figure 5 ), only axes 1 and 2 were meaningful for separating species into three salt management strategies ( Figure 5 ).
Discussion
Out of 20, 8 hydraulic and photosynthetic traits were strongly associated with species' salt management strategies. Two traits, Ψ PD and D 95 , had the most significant association with the salt management strategy of the six mangrove species studied here. Based on intrinsically different suites of traits responsible for hydraulic structure and functional safety, we were able to differentiate species belonging to the three salt management strategies. There was significant coupling between water transportation traits and carbon assimilation traits, as well as traits representing hydraulic safety, efficiency and mechanical strength. In contrast to the expectation that hydraulic safety would be compromised with increased hydraulic efficiency, we found that mangrove species with higher safety tend to also have higher efficiency. The importance of the salt management strategy in determining the mangrove hydraulics was demonstrated by two key traits, Ψ PD and D 95 , which explained the most variation among species. Previous studies in other water-limited systems have demonstrated that, assuming equilibrium between leaf and soil, Ψ PD is a measure of soil water availability that accounts for differences in microsite, soil structure, soil water profiles, root depth and distribution (Bhaskar and Ackerly 2006) . However, experimental investigations have shown that in woody plants and halophytes, even under well-watered conditions, there is a disequilibrium between Ψ PD and soil water potential (Dodd and Donovan 1999 , Donovan et al. 2001 . Our experiment was conducted within a single site where environmental salinity between the four SA species was similar and lower saline conditions were observed for the NSA species (Li et al. 1991) . Based on the soil salinity conditions of each species, if Ψ PD reflected soil water potentials, then, we should not see any significant differences between the SS and SE species. However, our results clearly show Ψ PD is related to salt management strategy (Table 2) and that SE species had significantly lower Ψ PD compared with SS species (Table 1) ; this may suggest that mangroves are using fresh water during our sampling time in the rainy season of the year. Our study showed predawn water potential disequilibrium (PDD), also observed in some woody species and halophytes. Night time transpiration and high concentrations of leaf apoplastic solutes have been proposed as mechanisms that may explain the differences between soil and plant water availability in earlier studies (Donovan et al. 2001 (Donovan et al. , 2003 . However, further studies are needed to explain the mechanism behind the PDD in mangroves. Table 2 . ANOVA table for linear mixed models of leaf and stem structural physiological traits measured in the three mangrove groups with different salt management strategies; salt secretion species (SS): Aegiceras corniculatum and Avicennia marina; salt exclusion species (SE): Kandelia obovata and Bruguiera gymnorrhiza; non-salt-adapted species (NSA): Pongamia pinnata and Hibiscus tiliaceus. Salt management strategy was used as fixed factor and species as random factor. Traits are arranged in increasing P values. Post hoc Tukey statistics for differences between salt management strategies with adjusted P are given with P < 0.05 highlighted in bold font. The next most important trait was D 95 , which separated NSA species from SE and SS species. Our results support previous findings that mangrove vessels become narrower as salinity increases (Melcher et al. 2001) . Compared with NSAs, the SE and SS species had significantly smaller D 95 values ( Figure 1 and Table 1 ), which allow them to protect their hydraulic architecture from vulnerability to embolism (Wheeler et al. 2005 , Hacke et al. 2006 . Indeed, the soil salinity of NSA species we measured here and also reported by Li et al. (1991) is lower compared with SE and SS species. The wider vessels in NSAs can help conduct water more efficiently, but increase the vulnerability to cavitation (Wheeler et al. 2005 , Hacke et al. 2006 . Although vessel diameter may explain how the balance between hydraulic efficiency and safety determines species adaptation to saline conditions, it is important to note that small vessels may not necessarily have high resistance to cavitation. As shown by Wheeler et al. (2005) and Hacke et al. (2006) , resistance to cavitation may be more related to pit structure and pit area. A more detailed assessment of vessel structure and its relation to cavitation resistance requires further study in mangrove species.
The PCA analysis showed different suites of traits were responsible for the separation in Euclidean space between SA species and NSA species and between SE species and SS species ( Figure 5 ). The separation of SE and SS species from the NSA species was based on D, D 95 and VD, all traits that measure hydraulic architecture. The D and D 95 were higher and VD was lower for NSAs, compared with the SE and SS species. The SE species were separated from both SS and NSA species along the second PCA axis; high positive loadings for Ψ PD , Ψ 50 and Ψ 12 and high negative loadings for ρ Sapwood and F v /F m indicated that the SE species had greater hydraulic safety, greater wood density and reduced stress on the photosystem II, compared with SS and NSA species. These results indicate that the SS strategy does not provide greater hydraulic safety, rather, that there may be other functional benefits from SS. Indeed, SS strategy has been attributed to reducing leaf-to-air vapor pressure deficit and, therefore, significantly reducing loss of water through stomata, rather than salt tolerance (Reef and Lovelock 2015) . Although we did not see a clear difference in stomatal conductance between SS and SE species, K S was lower in SS species compared with all other species studied here. Leaf surface salt crystals can make the surface less hydrophobic, reducing water surface tension and lowering the dew point, and increasing the humidity surrounding the leaf surface (Burkhardt et al. 2012) , which results in lowered evaporation from the leaf surface. Secreting salts at higher metabolic and nutritional costs must be economical for SS plants, if water conservation is a significant benefit (Ball 1996) .
As has been previously reported in a number other studies (Brodribb and Feild 2000 , Santiago et al. 2004 , Ishida et al. 2008 , Zhu et al. 2013 , here we also found evidence that there is a strong coordination between hydraulic and photosynthetic traits (Figures 3 and 4 , and Figure S1 Supplementary Data at Tree Physiology Online). When the correlations between traits that represent leaf water demand (A and T r ) and stem water supply (D, D 95 , VLA and K s ) were assessed, we found that A was significantly coupled with vessel diameter, D and D 95 , as well as to a lesser extent with VLA and K s . Although photosynthesis and stomatal conductance has been shown to decrease with increasing salinity (Sobrado 2005 ), we did not find this relationship between the NSA species and the SA species, indicating that SA species may overcome the limitations imposed by high salinity more successfully compared with NSA species. Further detailed studies that assess mangrove hydraulics and carbon assimilation along experimental salt gradients and between natural high and low salinity conditions are needed to provide greater insights into the mechanisms of salt adaptation. When we assessed the trade-off between safety and efficiency, our correlation analysis (Figures 3 and 4) showed that resistance to embolism increased with greater sapwood density. However, we did not find a trade-off between sapwood density (ρ Sapwood ) and hydraulic efficiency (as measured by K L ). This is in contrast to the recent study by Gleason et al (2016) , where they found a Figure 2 . Percentage loss of stem hydraulic conductivity with air injection and bench drying method (A-F), and correlation of Ψ 50 obtained from these two methods (G) in six mangrove species with three salt management strategies. Salt secretion species: Aegiceras corniculatum and Avicennia marina; salt exclusion species: Kandelia obovata and Bruguiera gymnorrhiza; non-salt adapted species: Pongamia pinnata and Hibiscus tiliaceus. Table 1 for full description of trait acronyms. The + and − signs reflect positive and negative correlations, respectively, for Pearson correlation coefficients.
Tree Physiology Online at http://www.treephys.oxfordjournals.org weak but significant trade-off across diverse flora. Mean cavitation resistance, Ψ 50 , values obtained in our experiment for SE species represents the highest cavitation resistance reported for angiosperm tree species (Choat et al. 2012) , indicating that optimizing hydraulic safety is a priority in the saline environment. Interestingly, when hydraulic efficiency was represented by D and D 95 , we found that there was a significant trade-off between efficiency and wood density (Figure 3 ). This means that, in the mangrove species studied here, wood density is more associated with vessel architecture, rather than the actual demands for water conductance through the stem tissue. Transpiration was strongly inter-correlated with safety and efficiency, as well as environmental stress, indicating that water supply is a common requirement that imposes constraints on, and couples leaf photosynthesis with, these factors. Interestingly, although SE species had similar assimilation to NSA, SE species had the lowest F v /F m seen for all three salt management strategies and the lowest Ψ PD , indicating that the SE strategy is most efficient in facing salinity stress. Our results for Ψ 50 values obtained from the bench drying method were similar to the results using the air injection method (Figure 2) . In response to the argument that the air-injection method may systematically overestimate the vulnerability of stem xylem to cavitation, we did not find the open vessel artifact in mangroves. Instead of vessel diameter, other compensatory mechanisms such as increased water storage, greater hydraulic efficiency, and reduced leaf area may contribute to reducing the risk of embolism formation in mangrove stems, as has been reported for other species' stems (Bucci et al. 2012 , Pineda-García et al. 2013 ). However, this hypothesis needs to be further investigated.
Conclusions
Our study showed that 8 out of 20 hydraulic and photosynthetic traits were strongly associated with species' salt management strategies. Based on intrinsically different suites of traits responsible for hydraulic structure and functional safety, we were able to differentiate species belonging to the three salt management strategies. The SE species had extremely high xylem cavitation resistance as measured by Ψ 50 , indicating that hydraulic safety is very important for their ecological strategy. Structural and physiological characteristics, such as smaller xylem vessels and greater resistance to drought-induced hydraulic failure, may explain the SA species' distribution in higher salinity conditions. There was significant coupling between water transportation and photosynthetic demand, as well as between transpiration and traits representing hydraulic safety and efficiency. When we evaluated the safety and efficiency trade-off hypothesis, we found that mangrove species with higher safety tended to have higher hydraulic efficiency and higher wood density, but there was no relationship between wood density and efficiency. In summary, our results showed the importance of not compromising hydraulic safety when hydraulic efficiency is increased in mangroves that grow in a hypersaline environment, and the importance of tight regulation between water demand at the leaf level and water supply though branches. Our study provides a basis for further investigation of the disequilibrium between mangrove plant water status and the soil water availability, hydraulic pit structure and function, and compensatory mechanisms that reduce the risk of cavitation. This study adds to the growing understanding of the fascinating mangrove flora, providing the first comparative characterization of hydraulic and carbon capture traits among species of different salt management strategies.
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Supplementary Data for this article are available at Tree Physiology Online. PCA axis 1 (32% variation in trait composition)
PCA axis2 (24% variation in trait composition)
PCA axis 2 (24% variation in trait composition) Figure 5 . Visualized graph of PCA analysis of leaf and stem hydraulic and photosynthetic traits for six mangrove species with three salt management strategies (A) and traits distribution (B). Abbreviations: salt secretion species: Avicennia marina (AVMA), Aegiceras corniculatum (AECO); salt exclusion species: Kandelia obovata(KAOB), Bruguiera gymnorrhiza (BRGY); non-salt adapted species: Hibiscus tiliaceus (HITI), Pongamia pinnata (POPI). Please see Table 1 for the full description of trait acronyms.
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